Abstract
I. Introduction
Recently, compounds with an Aurivillius structure have been investigated, such as: BBT (barium bismuth tantalate), SBN (strontium bismuth niobate), SBT (strontium bismuth titanate), BBN (barium bismuth niobate) and BIT (bismuth titanate). BIT is a promising ferroelectric material which is used in nonvolatile random access memories [1, 2] . Bi 4 Ti 3 O 12 has interesting properties: high Curie temperature, high remanent polarization and low coercive field. These properties are due to the Bi 2 O 2 layers separated by perovskite planes of type Bi 2 Ti 3 O 10 in the orthorhombic structure. The crystal structures of BLSFs (bismuthlayer-structured ferroelectrics) are generally formulated as (Bi 2 O 2 ) 2+ (A m-1 B m O 3m+1 ) 2-where A represents mono-, di-, or trivalent ions, B represents tetra-, penta-, or hexavalent ions with appropriate size and valence, and m is the number of BO 6 octahedra in the pseudoperovskite blocks (m = 1, 2, 3, 4, and 5). The perovskite blocks, (A m-1 B m O 3m+1 ) 2-, are sandwiched between bismuth oxide layers, (Bi 2 O 2 ) 2+ along the c-axis [3] . The electric and dielectric properties of the blocks have been improved by the addition of excess bismuth. These studies revealed that when the value of the excess Bi content in precursor sols is 10 mol% the best polarization-electric field, capacitance-voltage and dielectric characteristics were attained. Also, the addition of a 3 mol% excess of Bi 2 O 3 resulted in a drastic decrease in the leakage current [4, 5] . The excess Bi 2 O 3 in SBT indicated that the phase-transition and ferroelectric properties such as spontaneous polarization (P s ) showed a dependence on the Bi content. The ferroelectric Curie temperature T c decreased with an increasing in the Bi content and the P s was maximized when 2-3 mol% excess of Bi 2 O 3 was added [6] . In other work, addition of 10 mol% Bi excess in BaBi 2 Ta 2 O 9 increased the dielectric permittivity with decreasing tan δ while improve ferroelectric properties [7] . In another experiment, bismuth titanate with an excess of 5 wt.% Bi was added to the stoichiometic mixture aiming to minimize the bismuth loss during the thermal treatment. Without the addition of bismuth, pure phase could not be obtained [8] .
Due to this high transition temperature, BIT ceramics are good candidates for high temperature piezoelectric applications. The main problem concerning their practical application as piezoelectrics is the relatively low electrical resistivity. The electrical conductivity in BIT is highly anisotropic, with the maximum value in the same plane of the vector polarization. As a consequence, BIT ceramics are very difficult to pole. Thus the reduction of electrical conductivity is one of the main goals the worldwide investigations of BIT [9] .
The BIT-based ceramics microstructure reflects the structural anisotropy showing larger platelets-like grains growing preferentially in the a-b plane. The electrical response of these materials is strongly dependent on the microstructure [10, 11] . The conventional ceramic route synthesis leads to undesireable phases due to volatilization of Bi 2 O 3 at elevated temperatures [12] . The formation of secondary phases can be avoided by decreasing the calcination temperature or using wet-chemistry based methods. By using chemical methods, (e.g. coprecipitation, sol-gel, hydrothermal and the Pechini method [13]), it is possible to control the morphology and chemical composition of the powders. Due to the easy volatilization of Bi 2 O 3 in the fabrication process, initial excess bismuth can strongly affect the structure and physical properties of the Bi 4 Ti 3 O 12 -based materials. Kim and Kim [14] studied the effect of excess bismuth on the crystallization of BLT thin film prepared by MOD. Lin et al. [15] studied the role of excess bismuth on the orientation and ferroelectricity of BLT film by CSD. However, limited research has been conducted related to the microscopic effect that excess bismuth can cause in Bi 4 Ti 3 O 12 -based ceramics. The aim of this paper is to examine the effects of initial Bi 2 O 3 excess content on microstructural and electrical properties of Bi 4 Ti 3 O 12 (BIT) ceramics. To vary the Bi 2 O 3 content, the ceramics derived from varying amount of initially excess of Bi 2 O 3 (3-10 mol%) on the precursor solution were prepared by the polymeric precursor method. Measurements by piezoresponse force microscopy (PFM) reveal that addition of excess bismuth can reduce the strain energy and pin-charged defects and that the perpendicular component of polarization can be switched between two stable states: bright and dark contrast inside and outside of the square region.
II. Experimental
Titanium isopropoxide (97% -Alfa Aesar); bismuth nitrate pentahydrate (100.1% -Mallinckrodt); citric acid (99.5% -Merck); ethlyleneglycol (99.7% -Synth), nitric acid (99.9% -Synth); ethylenediamine (98% -Nuclear) and ammonium hydroxide (99.9% -Qhemis) were used as raw materials. Bismuth and titanium precursor solutions were prepared by adding the raw materials to ethylene glycol and concentrated aqueous citric acid under heating and stirring. The molar ratio of metal : citric acid : ethylene glycol was 1 : 4 : 16. Appropriate quantities of Ti and Bi solutions were mixed and homogeneized by stirring at 90°C for 2 hours. Then the temperature was increased to 130-140°C, yielding a highly viscous polyester resin. Most of the organic material was decomposed by thermal treatment at 300°C for 2 hours. The formed porous product was crushed and heated in an aluminium crucible at 700°C for 4 hours to eliminate residues of organic material. The powders were milled for 4 hours with zirconia balls and isopropyl alcohol with and without excess Bi. The bismuth titanate compositions were designed as BIT, BIT3, BIT5 and BIT10 which corresponds to 0, 3, 5 and 10 mol% of excess Bi 2 O 3 . The powders were uniaxialy (150 MPa) and isostatically pressed (210 MPa) into pellets. The sintering was performed on pellets packed into covered alumina crucibles, carried out in air at a temperature of 800°C for 1 hour (heating and cooling rate of 10 °C/min).
Raman scattering of powders was performed at room temperature (Fourier transform -RFS 100/S Bruker, excited by a Nd-YAG laser in 1064 nm). The band gap values were obtained using ultraviolet spectroscopy in the visible region curve (UV-vis-NIR Spectrophotometer -Varian Cary 500 X). For Rietveld analyses, X-ray diffraction data were collected with a Rigaku 20-2000 diffractometer under the following experimental conditions: 40 kV, 30 mA, 2θ from 20° to 120°, step size of 0.02°, λCu K α monocromatized by a graphite crystal, divergence slit of 2 mm, reception slit of 0.6 mm and step time of 10 s. The Rietveld analysis was performed with the Rietveld refinement program DBWS-941 1 [16] . The profile function used was the modified Thompson-Cox-Hasting pseudo-Voigt, in which η (the Lorentzian fraction of the function) varies with the Gauss and Lorentz components of the full width at half maximum.
Bulk densities and weight loss of the sintered pellets were measured by the Archimedes method. The phase formation and crystallinity were studied by X-ray diffractometry (XRD) with Cu Kα radiation using a normal θ-2θ scanning method (Rigaku RINT2000 diffractometer). A scanning electron microscope (SEM) was used to analyze the morphology and shape of the grains (Topcom SM-300).
Dielectric permittivity measurements were performed in HP 4192A LF Mountain View impedancemeter attached to a Flyever oven (FE50RP temperature controller). Silver electrodes for electrical measurements were deposited on the polished surface of sintered pellets by evaporation through a sputtering system. Resistivity was determined by current-voltage in a voltage source (Keitley 237 -USA).
Piezoelectric measurements were carried out using a setup based on an atomic force microscope in a Multimode Scanning Probe Microscope with Nanoscope IV controller (Veeco FPP-100). In our experiments, piezoresponse images were acquired in ambient air by applying a small ac voltage with amplitude of 2.5 V (peak to peak) and a frequency of 10 kHz. To apply the external voltage a standard-gold coated Si 3 N 4 cantilever with a spring constant of 0.09 N/m was used. The probing tip, with an apex radius of about 20 nm, was in mechanical contact with the uncoated film surface during the measurements. Cantilever vibration was detected using a conventional lock-in technique. Figure 1 shows the XRD patterns of BIT powders with various amounts of excess Bi 2 O 3 . All the peaks are indexed by a JCPDS card of BIT (ICSD no. 24735 with a space group of Fmmm). Increasing amounts of initial excess Bi 2 O 3 , leads to a single BIT phase crystallized in the orthorhombic structure [17] . The excess of bismuth forms a solid solution in the BIT lattice having no influence on long distance ordering. The peaks are indicative of a polycrystaline phase with orientation in the cplane and mainly characterized by a higher intense peak (hkl -117). Our XRD results are in agreement with the results reported in the literature [18] [19] [20] [21] . The experimental lattice parameter values were calculated using the Rietveld method [16] . We can observe that the polymeric precursor method permits the attainment of BIT powders at a low heat treatment temperature and reduced synthesis time. Moreover, the lattice parameter values obtained by this method presented small variations as compared to the values reported in the literature [22] [23] [24] [25] [26] [27] . These differences are related to the preparation method, synthesis conditions (heat treatment temperature, time), lattice distortion and residual stresses in the lattice and/or structural defects. To get more details about crystal structure of BIT system when more bismuth was added, Rietveld analyses of other compositions were performed and the results will be published in a near future.
III. Results and discussion
The BIT system has already been investigated from a fundamental point of view [28] . In the present study, we have adopted the Rietveld refinement technique to investigate the crystal structure of the BIT10 system. Table 1 illustrates the R wp , R exp , and S indexes, as well as the lattice parameters (a, b and c) and the unit cell volume (V). The phase identification was carried out in the PDF data bank, resulting in an orthorhombic structure type. The structural model (available on the ICSD da- tabank) that allows the best fit was the orthorhombic model (ICSD no. 24735 with a space group of Fmmm). Quantitative phase analyses for the orthorhombic phase were calculated according to the reference of Young and Wiles [16] . The covalent interaction originating from the strong hybridization between Ti 3d and O 2p orbitals, plays an important role in the structural distortion of the BIT compound. It can be assumed that addition of excess of bismuth improves oxygen ion stability in the lattice because some of the Bi ions in the pseudoperovskite layers containing Ti-O octahedral were not volatilized. The low S values (S = R wp /R exp ) indicates the good quality of the refinement; the calculated parameters are closer to literature data [29] . Therefore, we can assume that the addition of excess bismuth stabilizes the oxygen vacancies and consequently the structure. The weight loss and relative density as a function of excess Bi 2 O 3 are shown in Fig. 2 . It can be seen that the weight loss increases with increasing excess Bi 2 O 3 because the low temperature sintering inhibits bismuth oxide volatilization. The relative density measured by the Archimedes method increases with excess Bi 2 O 3 reaching around 90% of the theoretical density of BIT, corresponding to 8.038 g/cm 3 . This result is not satisfactory from an electrical point of view, since the polarization and dielectric permittivity are dependent on the level of porosity and grains morphology, but it is still a very interesting effect.
UV-vis spectroscopy measurements were evaluated in the BIT powders (see Fig. 3 ). The maximum absorption was located at around 400 nm with respective band gap values determined from the Kubelka Model [30] . The optical energy band gap is related to the absorbance and to the photon energy by the following equation:
where α is the absorbance, h is the Planck constant, ν is the frequency and E g opt is the optical band gap [31] . The obtained values are 3.13, 3.02, 3.03, 3.03 eV, which are similar to the values reported by Wei et al. [32] Relative density (%)
3.08 eV). Our BIT powders presented characteristic absorption spectra of ordered or crystalline materials. These results indicate that the exponential optical absorption edge and the optical band gap are controlled by the degree of structural disorder in the BIT lattice. This decrease in the band gap can be ascribed to a reduction of defects in the lattice which decreases the intermediary energy levels due to the reduction of oxygen vacancies located at BO 6 octahedra. The main differences in optical band gaps can be related to the different factors, mainly including: synthesis method, shape (powder, crystal or thin film) and synthesis conditions. Raman scattering has proven to be a valuable technique to obtain information about local structures within materials. Figure 4 shows the Raman spectra of BIT powders derived from different excess Bi 2 O 3 at room temperature. To better denote the peak position, Raman modes are presented in Table 2 . The order-disorder degree in the crystal lattice of BIT powders at short and medium distances was investigated. Raman modes located at 96, 119, 189, 223, 266, 315, 450, 536, 615 Raman modes located at 450 and 96 cm -1 were evident in BIT10 composition, indicating that 10 mol% of excess bismuth may cause lattice distortions and stoichometric changes. Raman results are in agreement with XRD data, indicating an ordered structure at short and long distances.
The microstructures of the sintered pellets were examined by SEM analyses and are illustrated in Fig. 5 . The influence of excess bismuth on the shape and size of the grains was evaluated. The grain size is heterogeneously distributed and presents rod-like form morphology which is different from literature data [37] . BIT presents a porous microstructure with compact region with a very small grain size when compared to ceramics with excess bismuth. The BIT3, BIT5 and BIT10 compositions are dense but pure BIT is prone to form a porous structure with a quite a number of voids which can affect the ferroelectric and dielectric properties of ceramics. All ceramics are stoichiometric, evidencing no losses of Bi 2 O 3 during the calcination and sintering process indicating that the initial Bi 2 O 3 excess is sufficient to compensate for the bismuth oxide volatilization and fill the Bi vacancy in the lattice. Literature data revealed that some excess of bismuth in the BIT ceramic cannot enter into the lattice. The Bi 2 O 3 excess may exist as an impurity phase such as bismuth oxide, which would affect the microstructural and ferroelectric properties of ferroelectric material [38] . The densities of BIT ceramics increase with content of excess bismuth due to the formation of oxygen vacancies originate during the calcinated process of the ceramics and substitution of excess of bismuth. That leads to nega- 189, 223, 266, 315, 536, 615, 848 BIT3 119, 189, 223, 266, 315, 536, 615, 848 BIT5 119, 189, 223, 266, 315, 536, 615, 848 BIT10 96, 119, 189, 223, 266, 315, 450, 536, 615, 848 tive charges associated with the presence of negatively charged oxygen trapped at the grain boundary. The negative charge of the oxygen may be caused by charge transference between the metal vacancy and the oxygen, as shown in:
where O
and O'' 2 represent the neutral oxygen ions in their normal position, metal site vacancies doubly negatively charged, neutral metal site vacancies, and oxygen ions doubly negatively charged, respectively.
The leakage current as a function of the electric field reveals a direct relationship to electrical conductivity (Fig. 6) . Leakage current is one of the most important properties of BIT because high electrical conductivity makes it difficult to polarize the material and minimize the ferroelectric properties [39] . Considering bismuth oxide volatilization during sintering, it is reasonable to assume that electrical conduction associated with vacancies should occur in BIT, aside from the intrinsic hole conduction. The main conduction mechanism of pure BIT is an electronic p-type. The leakage current of samples with excess bismuth was significantly decreased in comparison with BIT. The increase in excess bismuth results in a reduction of conductivity due the improvement of BIT matrix holes. The generation of holes can be represented by the following defect reaction [40] :
This reaction indicates that holes defects present in BIT are responsible for the leakage current behaviour and consequently the conductivity. Due to the suppression of bismuth oxide volatilization by the addition of excess bismuth the number of carriers associated with vacancy should be remarkably reduced in BIT with excess compositions, indicating a decrease in the leakage current. The addition of excess Bi 2 O 3 resulted in a considerable decrease in the leakage current, due to the presence of Bi vacancies (V''' Bi ) accompanied by oxy- gen vacancies (V Ö ). Although the leakage-current properties were improved by excess bismuth, there is a decrease in the V''' Bi and V Ö density [41] . Also, BIT has rod-like-shaped grains with residual porosity which could have many carrier traps. In the high electric field region, the localized carriers begin to come out of the trap, resulting in a large increase in the current density. A large leakage current was also observed by Cho et al. [42] , who observed that for BIT films, annealed in a nitrogen atmosphere with a porous microstructure, there are many carrier traps inside it and for higher fields these charges are ejected. Figure 7 shows the temperature-dependent dielectric permittivity measured at 100 KHz. There are several factors that affect the dielectric permittivity of ferroelectric ceramic samples, including grain size, impurity and concentration of the space charge. As expected, the dielectric permittivity rapidly increases at temperatures above 400°C due to the low electrical conductivity in this region. Below 450°C the dielectric permittivity increases with the addition of excess bismuth. Furthermore, the significantly enhanced dielectric permittivity can be understood as follows: oxygen-vacancy-induced dielectric polarization becomes predominant due to an increased vacancy concentration and inertia of oxygen ions [43] . As the grain becomes larger, an increase in the 
dielectric permittivity was verified. The incorporation of excess bismuth suppressed the volatilization of bismuth during sintering and reduced the bismuth and oxygen vacancy concentrations in the sintered sample. As a result, the electrical conductivity was significantly reduced, and the polarization was greatly improved. In our study, the main reasons for changes in the dielectric behaviour can be associated with decreased grain size and increased concentration of the space charge. Among all investigated BIT ceramics, the highest dielectric permittivity is shown for the BIT10 sample, where a dielectric permittivity of 12600 was measured at 100 kHz.
To characterize the local ferroelectric properties, ferroelectric domains were polarized and imaged using a commercial AFM equipped with a conducting tip and operating under ambient conditions. To polarize domains, a voltage larger than the coercive voltage of the ferroelectric was applied to the tip while scanning in contact with the sample surface. To read the resulting domain structure, the piezoelectric response was measured. In this technique, the tip is scanned in contact with the sample surface while applying an ac voltage smaller than the coercive voltage across the ferroelectric, with the resulting piezoelectric deformation being detected with a standard lock-in measurement.
The out-of-plane (OP) and in-plane (IP) piezoresponse images of the as-grown sample (after applying a bias of -15 V), on an area of 2 µm × 2 µm, and then an opposite bias of +15 V in the central 1 μm × 1 µm area were measured. BIT, BIT3, BIT5 and BIT10 samples were analyzed. For comparison the topography of the sample was also presented (Fig. 8) . The clear regions in the out-of-plane PFM images (Fig. 8) correspond to domains within the polarization vector oriented toward the bottom electrode (hereafter referred to as down polarization, while the dark regions correregions correspond to domains oriented upward (referred to as up polarization). Grains which exhibit no contrast change are associated with zero out-of-plane polarization. A similar behaviour was observed when a positive bias was applied to the ceramic. We noticed that some of the grains exhibit a clear contrast associated with a component of the polarization pointing toward the bottom of the sample. On the other hand, in the in-plane PFM images (Fig. 8 ) the contrast changes were associated with changes in the in-plane polarization components. In this case, a clear contrast indicates polarization (e.g. in the positive direction of the y-axis) while a dark contrast is the result of in-plane polarization components pointing to the negative part of the y-axis. This result is common for bismuth-layered ferroelectrics, which exhibit a great polarization in the a-axis direction, along with a smaller polarization along the c-axis and reflects the different orientation of the grains, i.e. the light regions are c-axis oriented crystallites. Since the image does not change even for high voltages, it can be concluded that it is impossible to align their polarization vector, so the total polarization in the field direction is always moderate. By changing the polarity of the applied voltage it can easily be demonstrated that the light regions present a polarization vector perpendicular to the sample surface, whereas in dark regions the polarization vector lies in the sample plane. The improvement of piezoelectric response with excess Bi 2 O 3 originates from a better polarizability along the a-axis, which contributes significantly to the piezoelectric properties of bismuth titanate resulting in a reduction of strain energy and the pinning effect of charged defects. The in-plane images show light-colored grains presenting a polarization vector in the positive y-axis direction and dark grains with exactly opposite polarization. Grains with intermediate contrast do not present overall piezoelectricity, probably due to pinned domains. Therefore, we supposed that excess Bi 2 O 3 is changing the lattice vibration of BIT affecting the piezoelectric properties. Figure 9 shows the piezoelectric hysteresis loop obtained for the BIT free of excess and with various amounts of excess Bi 2 O 3 . The hysteresis in the piezoresponse signal is directly associated with the polarization switching and ferroelectric properties of the sample. The maximum d 33 value of ~45 pm/V is higher for the BIT10 system and approaches the reported value for a BIT single crystal [44] . Here, we point out that it is difficult to compare these values to the piezoelectric coefficients of bulk material since the measurement was performed on a local area that has a relatively intricate field distribution and vibrational modes. Considering the polycrystalline nature of our sample the effective piezoelectric coefficient depends on grain orientation. Therefore, as expected the piezoelectric response changes with increase of bismuth excess due the reduction in the strain energy and the pinning effect of charged defects after doping.
IV. Conclusions
In summary, bismuth titanate (Bi 4 Ti 3 O 12 , BIT) ceramics derived from different amounts of initial excess Bi 2 O 3 were prepared by the polymeric precursor method. An XRD analysis shows that increasing excess Bi 2 O 3 single phase BIT powders with an orthorhombic structure were obtained. SEM analyses show grains in the rod-like morphology form; the size decreases with excess bismuth. Due to the suppression of bismuth oxide volatilization by the addition of excess bismuth, there is a reduction in the leakage current and an enhancement of BIT phase dielectric properties. The effective piezoelectric coefficient depends on grain orientation, and excess bismuth was found to effectively induce spontaneous polarization in BIT exhibiting good piezoelectric properties. Due to better electrical properties, BIT with 10 mol% of excess Bi 2 O 3 can be considered as a promising composition for application in dynamic random access memories and piezoelectric devices.
